[1] Hydrological processes cause variations in gravitational potential and surface deformations, both of which are detectable using space geodetic techniques. We computed elastic deformation using continental water load estimates derived from the Gravity Recovery and Climate Experiment and compared to 3D deformation estimated from GPS observations. The agreement is very good in areas where large hydrologic signals occur over broad spatial scales, with correlation in horizontal components as high as 0.9. Agreement is also observed at smaller scales, including across Europe. This suggests that: a) both techniques are perhaps more accurate than previously thought and b) a large percentage of the non-linear variations seen in our GPS time series are most likely related to geophysical processes rather than analysis error. Low correlation at some sites suggests that local processes or site specific analysis errors dominate the GPS deformation estimates rather than the broad-scale hydrologic signals detected by GRACE.
Introduction
[2] The seasonal transfer of water between the continents and the oceans generates changes in surface loading which cause an elastic deformation of the surface of the Earth. Such deformation can be estimated if the load and rheological properties of the Earth are known [Farrell, 1972] . The gravitational response of the Earth is detectable by the Gravity Recovery and Climate Experiment (GRACE) since 2002 [e.g., Tapley et al., 2004; Wahr et al., 1998 ], while the surface deformation can be observed from an analysis of Global Positioning System (GPS) observations [e.g., Davis et al., 2004; . While detectable, estimates of such variations are very difficult -if not impossible -to verify, in part because of the large spatial scale of the GRACE estimates (around 400 km) but also because in-situ measurements of all aspects of the hydrological cycle are discrete and extrapolation to large-scale is not always informative.
[3] That it is possible to derive estimates of surface deformation from changes in gravity offers the possibility of cross-validating the estimates of water variations from GRACE with ground deformation estimates if the actual variation in the surface can be estimated with sufficient accuracy. Davis et al. [2004] and King et al. [2006] compared annual variations in South America estimated from GPS height time series and from radial displacement derived from GRACE mass anomalies and found high correlation. Bevis et al. [2005] demonstrated high correlation between largeamplitude vertical deformation at a site in the centre of the Amazon Basin and elastic deformation computed from hydrologic signals. On the other hand, poor agreement has been reported in the annual variations in GPS height and GRACE-derived deformation estimates over Europe [van Dam et al., 2007] and Central America [King et al., 2006] . Interpretation of the latter study from a hydrologic perspective is also limited as both the GRACE and GPS data used in that study included deformation induced by atmospheric pressure which has a well known large seasonal component [see, e.g., Tregoning and Watson, 2009] .
[4] Over the past decade, considerable effort has been made to reduce the analysis-derived errors in the processing of GPS observations in order to achieve more accurate estimates of site coordinates. Recent improvements in the modelling of tropospheric delays through time-varying mapping functions [e.g., Boehm et al., 2006a] , a priori modelling of hydrostatic delays [e.g., Boehm et al., 2006b; Tregoning and Herring, 2006] , and better understanding of tidal deformation modelling [Watson et al., 2006] and associated error propagation [e.g., Penna et al., 2007] have led to improvements in the repeatability of coordinate estimates [Tregoning and Watson, 2009] . Of particular interest, many of these advances in analysis strategy have highlighted spurious signals at quasi annual and semi-annual periods (see Tregoning and Watson [2009] for examples relating to mapping functions, a priori hydrostatic delays and atmospheric tidal loading).
[5] However, considerable non-stationary variations remain in GPS time series, particularly (but not only) in the vertical component. Generally, this has been attributed to, for example errors in tropospheric modelling, implying that considerable improvement was still required in the analysis of GPS data. The work by van Dam et al. [2007] used the IGS sinex files and suggested that the difference in annual signals over Europe was probably caused by errors in the analysis of the GPS data. Ray et al. [2008] showed that there are spurious annual and semi-annual periodic signals in GPS time series derived from the same IGS sinex files. It is possible that these may have corrupted the hydrological seasonal signals over Europe and Central America, resulting in the poor agreement found by van Dam et al. [2007] and King et al. [2006] .
[6] The purpose of this study is to demonstrate that, in many cases, a large proportion of the non-linear variations in estimated GPS coordinates results from elastic deformation of the Earth's surface caused by hydrologic changes. We show below that this occurs not only in major river basins but also in semi-arid and polar regions. Hydrologic signals are periodic only to a first-order and in this study we look in greater detail at the time series to detect the non-stationary, non-periodic signals across all coordinate components.
GPS Analysis
[7] We used the GAMIT/GLOBK software [Herring et al., 2008] to generate daily estimates of a global network comprising around 80 sites (Figure 1 ). Satellite orbits, hourly tropospheric delays, atmospheric gradients (3/day for N/S and E/W) and site coordinates were estimated along with ambiguities and Earth orientation parameters. We used the VMF1 mapping function [Boehm et al., 2006a] and a priori hydrostatic delays derived from the ECMWF numerical weather model [Boehm et al., 2006a] along with non-tidal atmospheric pressure loading [Tregoning and Watson, 2009] and diurnal and semi-diurnal tidal atmospheric pressure loading deformation using the model of Ponte and Ray [2002] . We transformed our daily free-network solutions onto ITRF2005 with a 6-parameter transformation (3 translations, 3 rotations) using the coordinates of $35 sites. Data from 2000 -2008 were analysed and are the same solutions interpreted by Tregoning and Watson [2009] .
[8] The GPS coordinate estimates include long-term linear velocities resulting from geophysical phenomena not related to elastic deformation (e.g., continental drift in the horizontal coordinates and glacial isostatic adjustment in the vertical component). Therefore, we first remove a linear trend from each component of the GPS time series to generate coordinate 'anomalies'. These are then averaged to the 10-day epochs of the GRACE solutions before comparing with elastic deformation estimates derived from the anomalies of the GRACE estimates of surface loads.
GRACE Analysis

Surface Mass Variation Estimates
[9] We used RL01 of the temporal gravity field estimates of the Groupe de Recherche en Géodesie Spatiale (GRGS) [Lemoine et al., 2007] which are expressed as spherical harmonic fields to degree and order 50 (spatial resolution of $400 km). As a result of the constraints applied during the process of estimating the coefficients of the spherical harmonic model, these solutions do not require any subsequent filtering or scaling. The solutions have atmospheric mass variations removed (derived from the ECMWF 6-hourly fields) as well as barotropic ocean mass variations (derived from the MOG2D-G model [Carrère and Lyard, 2003] details of the analysis methods. We removed the mean value of each coefficient of the spherical harmonic models to generate anomaly coefficients. We then converted the spherical harmonic models into surface loads in terms of equivalent water heights [e.g., Wahr et al., 1998 ]. We inserted degree-1 terms into the GRGS spherical harmonic fields [Munekane, 2007] to make them compatible with the GPS reference frame.
[10] Elastic deformation caused by tidal and non-tidal atmospheric pressure variations have already been accounted for in the GPS analysis [Tregoning and Watson, 2009] but any ocean mass changes that are not tidal in origin (i.e., not modelled by the FES2004 ocean tide loading model [Lyard et al., 2006] ) will affect the GPS site coordinate estimates, in particular for coastal sites. Therefore, we reinserted the MOG2D-G model into the GRGS GRACE solutions before computing the mass anomalies. Thus, while the GRACE mass anomalies are corrected for atmospheric pressure effects, they include a component of mass variation that is not hydrologic in nature and are therefore compatible with the GPS height estimates. This phenomenon can be significant, for example the $0.5 m annual 'tide' seen in the Gulf of Carpentaria in northern Australia [e.g., Tregoning et al., 2008] .
Elastic Deformations
[11] We convolved the mass anomalies derived from the GRACE solutions with the elastic Green's functions of Pagiatakis [1990] to generate estimates of horizontal and vertical deformation [e.g., Farrell, 1972] . We convolved the anomalies on a 1°Â 1°grid covering the entire Earth (we obtain the same results if we use a 0.25°grid) and the resulting modelled deformations can be compared with the actual movements of GPS sites. If the geophysical processes causing non-linear motions at GPS sites are dominated by large-scale hydrology then we should expect to see significant correlation between the estimates from GRACE and GPS.
Results
[12] We subtracted the GRACE-derived elastic deformation computations from the GPS coordinate anomalies and computed the (in quadrature) reduction in weighted root mean square (WRMS) (Figure 1) . It is immediately apparent that there is a mix of significant improvements as well as cases where the WRMS is increased by this process. Unsurprisingly, the most significant reductions occur in regions of known large-amplitude hydrologic processes (e.g., the Amazon Basin in South America).
[13] The correlation between GRACE-derived deformation and GPS estimated deformation is shown in Figures 1d-1f . Many sites show positive correlations, which is more convincing in the vertical component. In fact, while cases of very high correlation are found in the north and east components (e.g., in eastern South America) there are some sites with negative correlation and some sufficiently negative to indicate a strong anti-correlation or phase difference between observed signals.
[14] Figure 2 shows the time series of north, east and vertical components of four sites, along with the computed elastic deformation from the GRACE water anomaly estimates. The correlations at BRAZ (located on the edge of the Amazon Basin in Brasila) between the GPS coordinate anomalies and the GRACE-derived elastic deformation anomalies are 0.1, 0.6 and 0.9 for N, E, U respectively. Despite the formal uncertainties of 2 mm on the horizontal coordinate estimates, variations in east often track the elastic deformation computations to within $1 mm. This inspires confidence in the improved accuracy of both the GPS and the GRACE analyses. The correlations seen at Darwin are 0.2, 0.2 and 0.7 for N, E and U, respectively.
[15] The work by van Dam et al. [2007] found that removing GRACE-derived elastic deformation estimates from GPS height anomaly time series in Europe reduced the RMS at only three sites and suggested that the poor agreement between GPS and GRACE annual variations was likely caused by inaccuracies in the GPS analysis, for example in the propagation of ocean tide loading errors. We find a reduction in RMS over Europe at 32 of 36 sites analysed (Figure 3) . A visual comparison of their GRACE and GPS time series with ours shows that the significant difference lies in the GPS rather than the GRACE results. The correlation in height at Matera and Potsdam is 0.6 and 0.4, respectively (Figure 2 ) and the agreement in phase of the anomaly signals is good in north but poor in east. This is typical of sites in Europe (Figure 3 ). There may even be a north/south trend in the correlation in the east component, although the evidence for this is weak.
[16] It is clear from Figures 1 and 3 that, in many cases, a considerable reduction in the variance of the residuals is achieved by accounting for the elastic deformation associated with fluid mass changes. However, this is not always the case -indeed the variance is increased at 48%, 71% and 47% of the sites (for N, E, U, respectively) when correcting with the GRACE-derived estimates.
Discussion and Conclusions
[17] Our comparison of GPS coordinate anomalies and GRACE-derived elastic deformation estimates shows far greater agreement, and therefore improvement in the RMS of the difference, when compared with the findings of van Dam et al. [2007] and King et al. [2006] . Thus, their conclusion that the lack of correlation was caused by errors in the GPS analysis was probably correct. We suggest that the use in our GPS analysis of the latest strategies that are known to reduce spurious signals at quasi-annual and semiannual periods (notably those produced through using inadequate mapping functions, a priori zenith hydrostatic delays and failing to model atmospheric pressure tidal loading [Tregoning and Watson, 2009] ) has led to improved accuracy of our GPS solutions. We also find reductions in RMS of the horizontal coordinates, especially in regions close to large continental hydrology processes such as the Amazon Basin. This leads to increased confidence in both the GPS and GRACE analyses used in this study.
[18] However, we find many examples where removing the GRACE-derived elastic deformation computations actually increases the RMS of the coordinate time series, in particular in the horizontal component. In many cases this is due to a phase difference between the two solutions which may still be symptomatic of residual spurious signals in the GPS solutions. We do not have strong explanations for the examples of poor agreement but suggest that it might also be caused by a geophysical process that is affecting the two observation techniques differently. For example, a local hydrological process might affect a GPS time series significantly but be too small spatially to be detected by GRACE.
[19] We find a higher correlation between GPS and GRACE anomalies in the vertical component than in the horizontal components, even though seasonal variations are often evident in the latter in both techniques but not necessarily in phase. This might be due to the increased sensitivity of the horizontal deformation to the spatial location of the water loads where destructive interference can occur between loads in opposite directions, whereas all loads will add constructively in the computation of the vertical deformation. This might indicate errors in the spatial distribution of water loads as estimated by GRACE as a result of the nominal spatial resolution of $400 km of the GRACE solutions. Another possibility is residual spurious signals in the GPS solution, arising from, for example residual mismodelled high frequency signals, near field multipath or quasi periodic errors in the frame realisation process.
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